A kinetic model for thiol-epoxy crosslinking initiated by tertiary amines has been proposed. The kinetic model is based on mechanistic considerations and it features the effect of the initiator, hydroxyl content, and thiol-epoxy ratios. The results of the kinetic model have been compared with data from the curing of off-stoichiometric formulations of diglycidyl ether of bisphenol A (DGEBA) crosslinked with trimethylolpropane tris(3-mercaptopropionate) (S3) using 1-methylimidazole (1MI) as the initiator. The model has been validated by fitting the kinetic parameters to the experimental data under a variety of reaction conditions. In spite of the experimental uncertainty and model assumptions, the main features of the curing kinetics are correctly described and the reaction rates are quantitatively reproduced.
Introduction
Base-catalyzed thiol-epoxy polymerization is of industrial relevance in the area of adhesives, high performance coatings and composites. 1 A remarkable feature of thiol-epoxy condensation is that it can be categorized as a click reaction, which means that it is selective, leaves no by-products and it takes place quantitatively and under mild reactive conditions. Thus, it is possible to use it not only in conventional reactive formulations but also in dual-curable systems with a controlled curing sequence such as thiol-ene/thiol-epoxy, [2] [3] [4] [5] off-stoichiometric thiol-epoxy systems, 6 or even in combination with inorganic network precursors in hybrid systems. 7 Thiol-epoxy thermosets are highly transparent, which is favorable for their application as clearcoats 8 and generally highly flexible, 9 but this latter feature is also a drawback because their low T g can limit their use in more temperature-demanding applications. 10 In order to enhance the thermal-mechanical characteristics of thiol-epoxy, different strategies can be adopted, such as the use of more rigid and functional epoxy resins 10 and the development of novel highly-functional thiol crosslinkers 11 in stoichiometric thiol-epoxy systems, or the use of excess epoxy in off-stoichiometric thiol-epoxy systems. 6 Another severe drawback is the fact that the most commonly used catalysts for the thiol-epoxy addition, namely, basic tertiary amines are not latent and therefore, it makes difficult the handling and control of the processing of thiol-epoxy formulations once prepared. 2, 9 Therefore, research efforts are directed towards the exploration of catalytic systems with thermal latency 9 or the development of photolatent bases. 7, 8, 12, 13 Remarkably, some of these photolatent bases have been shown to be activated by both UV-light and temperature, 14 which turns them into highly versatile catalytic systems. Another interesting research line is the use of tertiary amines with poor basicity but with nucleophilic characteristics 6, 15 that are not latent but with sufficiently slow activation and a strong auto-accelerating effect so as to permit safe formulation preparation and manipulation as well as complete curing at low temperature in short times. The curing mechanism of the base-catalyzed thiol-epoxy condensation is assumed to be a simple nucleophilic addition between thiolate and epoxy groups. 2 In the presence of sufficiently strong bases, an acid-base proton exchange leads to the deprotonation of the thiol, producing a thiolate anion that is nucleophilic enough to attack the epoxy ring. The thiolepoxy reaction is strongly autocatalytic due to the formation of hydroxyl groups that facilitate the ring-opening of the epoxy group. 16 The reaction mechanism can become more complex in the presence of nucleophilic tertiary amine catalysts, such as benzyldimethylamine (BDMA) and 1-methylimidazole (1MI), which lead to a very slow initiation process followed by a strong autoacceleration up to the completion of the curing process. 6, 15 Loureiro et al. proposed a reaction mechanism to describe the curing kinetics of thiol-epoxy addition catalyzed by a tertiary amine, BDMA with poor basicity but a nucleophilic characteristic. 15 In a recent study, we have described the dual-curing process of off-stoichiometric thiol-epoxy formu-lations containing excess epoxy groups. 6 We observed that the thiol-epoxy reaction took place very quickly and with a sharp autocatalytic profile, followed at higher temperatures or longer curing times by a slower epoxy homopolymerization process. Although some of these kinetic features can be interpreted in terms of the proposed reaction mechanism, 15 it should be modified in order to take into account properly the effect of initiation/termination reactions and the effect of the decreasing thiol group content. The aim of this paper is to develop a consistent kinetic model, based on the consideration of the reaction mechanism, capable of capturing the kinetic behaviour during the curing of stoichiometric thiol-epoxy formulations and the first stage of the curing of off-stoichiometric thiol-epoxy formulations. The effect of the thiol-epoxy ratio and the catalyst content will be taken into consideration. The model will be validated experimentally using kinetic data obtained using differential scanning calorimetry.
Theoretical
A reaction scheme based on the model of Loureiro et al. 15 is
shown in Scheme 1, using 1MI as the initiator. In that work, the authors analyzed the curing process of stoichiometric thiol-epoxy formulations using a mechanism-based kinetic model and obtained a reasonable fitting under a wide range of temperatures, catalyst concentrations and curing histories. The active propagating species, the thiolate anion, was produced after nucleophilic addition of BDMA to the epoxy ring and subsequent proton exchange with a thiol group. The effect of the added catalytic hydroxyl groups on the reaction was also analyzed, but it was found that their effect was less important than that of the generated hydroxyl groups by the thiol-epoxy addition. The authors included the effect of termination reactions 2, 15 and used it to determine the amount of thiolate anions under pseudo-steady state conditions. However, this
was an important shortcoming of their model because, eventually, the active thiolate species should be controlled by the available thiol in the reaction medium, not by the amount of epoxy and reaction products. In the work of Jin et al. 16 one can also see that the catalytic effect of the added hydroxyl groups (i.e. coming from the epoxy oligomer itself ) is less relevant than the autocatalytic effect of the hydroxyl groups generated in the course of the reaction.
In the general reaction scheme we propose that the initiation takes place by the nucleophilic attack of 1MI to the epoxy ring (Scheme 1a), leading to the formation of a zwitterion. Contrary to what is stated for common tertiary amines, 17 the formation of epoxy-imidazole adducts, including zwitterionic species was convincingly argued by Heise and Martin. 18, 19 Indeed, epoxy-imidazole adducts are used as curing agents. 20 The nucleophilic addition of imidazoles to epoxy groups is catalyzed by proton donors, 21 in a similar way to common epoxy-amine systems 17 and nucleophilic addition to epoxy groups in general. This was also suggested by the autocatalytic character of the adduct formation between 2,4-unsubstituted imidazoles and epoxides. 18, 19 In fact, Rozenberg showed that the epoxy homopolymerization could not be initiated by tertiary amines in the absence of proton donors or other catalytic impurities. 17 In the presence of thiol groups, a proton exchange would take place leading to the formation of a thiolate anion and a β-hydroxylimidazolium cation. 15 The pK of the alcohol-alkoxide equilibrium is much higher than that of the thiol-thiolate equilibrium, and therefore, this exchange should be nonreversible from a practical point of view. However, the pK of the zwitterion system should be lower than that of a common alkoxide due to the stabilization caused by the electron withdrawing effect of the ammonium substituent and possible resonance within the imidazolium ring, in a similar way to the pK of the carboxylic acid proton in amino-acids. Nevertheless, depending on the relative acidity/basicity of the different species, this exchange might be considered almost non-reversible as well. Note that this β-hydroxylimidazolium cation should also have a catalytic effect on the nucleophilic addition to epoxy groups in the presence of both a positive charge and a hydroxyl group. When the thiolate attack to the epoxy ring takes place (Scheme 1b), an alkoxide anion would be formed, but then fast proton transfer would take place from either a thiol group (Scheme 1c) or the β-hydroxylimidazolium cation, both with a lower pK than an alkoxide, to produce a β-hydroxythioether, the reaction product. The thiol/zwitterion equilibrium should lead to the formation of a thiolate anion that would propagate the reaction. The thiolate addition is also catalyzed by proton donors such as hydroxyl groups, resulting in a strongly autocatalyzed polymerization, as illustrated by Jin et al. 16 This autocatalysis is explained by the fact that thiol groups have a negligible effect on proton donors 22 and the reaction medium evolves from a thiol-rich environment to a hydroxyl-rich environment.
As the reaction proceeds, the increasing number of initiating species would also lead to an increasing rate of nucleoScheme 1 Reaction mechanism of the thiol-epoxy reaction initiated by 1MI.
philic displacement of the initiator and regeneration (Scheme 1d). Thiolate anions are highly nucleophilic 23 and far less basic than alkoxide anions, and therefore, initiator regeneration by β-elimination as observed for the anionic homopolymerization of epoxides 21, 24, 25 would not occur.
According to Scheme 1a, when thiol groups are depleted, the equilibrium would shift to the zwitterion form rather than to the thiolate form. If the equilibrium constant is high enough, this equilibrium would shift in a rather abrupt manner, thereby explaining the observed sharp decrease in the reaction rate upon reaching a complete thiol conversion in the off-stoichiometric thiol-epoxy formulations. 6 In the absence of thiol groups, the initiation would continue in the presence of the remaining epoxy groups but it would produce only the zwitterionic active species. It should also be noted that, because this zwitterion should be less reactive than a common alkoxide, propagation of the epoxy homopolymerization would not take place just at the end of the thiol-epoxy addition, or else at a very slow rate in comparison. 6 This is also supported by the previous results of Heise and Martin, reported on their study of epoxy systems catalyzed by imidazoles, 18, 19 who observed a clear separation between the epoxy-adduct formation and the epoxy homopolymerization, and stated that the adduct species formed was "dormant" before homopolymerization of the excess of epoxy groups started. Some more mechanistic considerations can be made if we analyze a similar polymerization process, the nucleophile-catalyzed phenol-epoxy polymerization. The overall reaction mechanism 23, [26] [27] [28] [29] is similar to that shown in Scheme 1. It is of particular relevance to the fact that, in off-stoichiometric phenol-epoxy formulations, the phenol-epoxy reaction takes place first, and once phenol groups are exhausted, homopolymerization of excess epoxy groups can take place, 23 like in thiol-epoxy systems. 6 However, a fundamental difference is that the phenol-epoxy reaction is much slower due to the stability and lower nucleophilicity of the phenolate anion, making the separation between phenol-epoxy and epoxy homopolymerization less clear. 23, 26, 28 In addition, the phenolepoxy reaction is not generally autocatalytic (or only moderate due to the slow nucleophilic initiation step), and the reaction mechanism is usually analyzed in terms of the formation of stable ion pairs between the phenoxide and a mobile counterion that propagates the reaction.
26-29
Based on the above considerations, we wondered whether the formation of ion pairs is relevant in nucleophile-catalyzed thiol-epoxy reactions. We propose that some more reactions could be added to those already shown in Scheme 1. To begin with, Scheme 2a shows the hypothetical formation of an ion pair between the β-hydroxylimidazolium and the thiolate. We have illustrated this as an equilibrium because it is acknowledged that the formation and the activity of ion pairs are largely dependent on the possible solvent-ion and solvent-ion pair interactions and the ion concentration, 30 and the surrounding environment, with nucleophilic and electrophilic sites, should allow for the presence of "naked" or, rather, nonion pair forming ions. The propagation of the reaction by this ion pair is illustrated in Scheme 2b, although it is unclear whether this nucleophilic addition should take place on epoxy rings activated by proton donors, like nucleophilic amineepoxy addition, or else an internal activation with the β-hydroxylimidazolium cation takes place, in line with the mechanism proposed for amine-catalyzed phenol-epoxy reactions. 29 Finally, Scheme 2c shows a possible termination reaction by nucleophilic displacement within the ion pair. The reactivity of ion pairs is complex but it is acknowledged that, in many cases, the presence of ion pairs decreases significantly the rate of ionic polymerization in comparison with free ion systems. 30 Rozenberg showed that alkali ions played a complex role in the anionic polymerization of epoxides. 17 On the one hand, they could have a positive effect in the activation of the epoxy ring, like proton donors. However, their interaction with propagating alkoxide ions leading to the formation of ion pairs would decrease the propagation rate in comparison with the free alkoxide ions, an effect that was more relevant with increasing size of the alkali ion. 17 Ooi et al. 24 tested the effect of tetramethyl ammonium chloride (TMAC) on the anionic homopolymerization of epoxides initiated by imidazoles, 24 but no effect on the reaction rate could be observed.
Given the above considerations, 17,30 the propagation of the reaction by this ion pair is supposed to be considerably slower than by the free thiolate anions, and therefore, it might be ruled out from a practical point of view. The occurrence of the termination reaction proposed in Scheme 2c looks reasonable given the high nucleophilicity of the thiolate anion and the close presence of an electrophilic site within the ion pair, leading to the β-hydroxythioether reaction product and a regenerated imidazole. This reaction, from a kinetic point of view, would be unimolecular, in a similar way to what has been proposed for tertiary amine regeneration in other studies. [31] [32] [33] [34] In addition, if ion pairs are present in a significant amount in the course of the reaction, this termination mechanism would be presumably more frequent than the bimolecular termination reaction between free ions proposed in Scheme 1d.
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Scheme 2 Alternative mechanism steps occurring in the thiol-epoxy reaction initiated by 1MI.
Taking into account all these considerations, different reaction mechanisms based on the reactions shown in Schemes 1 and 2 will be elaborated and their validity will be analyzed by considering their ability to reproduce the experimental results.
Materials and methods

Materials
Diglycidyl ether of bisphenol A (DGEBA) with an epoxy equivalent weight of 172-176 g per eq. (Aldrich), 184-190 g per eq.
(Hexion) and 190-210 g per eq. (Huntsman) were dried at 80°C under vacuum for 2 hours and stored in a desiccator prior to use. These three resins have been coded as DG174, DG187 and DG200, respectively, where the numbers indicate the assumed equivalent weight of the epoxy resin. Trimethylolpropane tris(3-mercaptopropionate) (S3) and 1-methylimidazole (1MI) from Sigma Aldrich were used as received.
A set of mixtures using DG174 as an epoxy resin and with different ratios r of thiol groups with respect to epoxy groups were prepared, adding 1 phr ( parts per hundred of the total mixture) of 1MI with respect to the total mixture as catalyst. A different set of stoichiometric thiol-epoxy mixtures using DG174 was prepared, adding different proportions of 1MI. Finally, stoichiometric samples with 1 phr of 1MI and changing the epoxy resin were also prepared. The samples were quickly stirred using a spatula and analyzed immediately. Table 1 shows the compositions of the different formulations. The formulations have been coded as DGyyy-r-x where yyy is the epoxy equivalent weight of the epoxy resin, r is the thiol : epoxy equivalent ratio and x is the 1MI added in phr. It should be mentioned that the thiol equivalent weight was assumed to be the theoretical value of 132.85 g per eq. for the calculation of the composition, although the supplier reports a purity of 98% for this product.
Characterization techniques
A differential scanning calorimeter Mettler DSC821e calibrated with indium standards was used to study the isothermal curing of the different formulations at 60°C. Samples of ca. 5-10 mg were placed inside an aluminum pan with a pierced lid and were inserted into a preheated oven before analysis, under a nitrogen atmosphere.
The calorimetric degree of conversion was determined as x = Δh/Δh total , where Δh is the reaction heat released up to a time t and Δh total is the total reaction heat evolved. The calorimetric reaction rate was determined as dx/dt = (dh/dt )/Δh total , where dh/dt is the heat flow. Taking into account the thiolepoxy ratio r of the different formulations, an approximate conversion of epoxy groups, x e,DSC , was calculated from the experimental DSC data as:
A rate of conversion of epoxy groups dx e,DSC /dt could also be estimated from the calorimetric data as:
Kinetic modelling
Basic model. Following the work of Loureiro et al., 15 a basic set of reactions based on the reaction mechanism in Scheme 1 has been defined:
where I is the initiator, E is the epoxy ring, IE* is the zwitterion formed after initiation, SH is a thiol group, IEH + is the hydroxyl-ammonium cationic species formed by proton transfer from the thiol group, S − is the propagating thiolate anion, SE − is the alkoxide formed after thiolate addition, and SEH is the reaction product of the thiol-epoxy addition. The initiation step leading to the formation of the zwitterion IE* and the thiolate addition to the epoxy ring can be catalyzed by proton donors, such as hydroxyl groups already present or formed in the course of the reaction. 16, 21 Loureiro et al. modelled this catalytic effect by assuming the formation of an epoxy-hydroxyl equilibrium complex prior to the nucleophilic addition, 15 following other studies. 35, 36 The effect of equilibrium complexes is a common issue in reacting systems such as epoxy-amine. 17, [37] [38] [39] [40] However, hydroxyl-catalyzed nucleophilic addition of amines to epoxy groups is commonly modelled in a more simplified way by not considering the presence of such complexes: a trimolecular reaction between epoxy, amine and the catalytic hydroxyl group is assumed instead. 41, 42 Jin et al. modelled the basecatalyzed curing of thiol-epoxy formulations using phenomenological models and interpreted the fitted parameters quite convincingly assuming a simplified version of the catalyzed nucleophilic addition, 16 like in epoxy-amine systems.
This interpretation should be safe if the epoxy-hydroxyl equilibrium constant was low enough, leading to a reduced error. 36 However, in the present case the system is more complex since we have performed nucleophilic addition of both the initiator and the thiolate to the epoxy groups. The presence of catalytic impurities in the reagents as well as the absorption of some humidity from the environment during preparation could make it difficult to identify all the possible intermediate complexes.
In such situations, the effect of impurities is taken into consideration in a simplified manner. 17 Therefore, for the sake of simplicity, in the present model we assume that this somewhat inaccurate representation of the catalytic effect of hydroxyl groups provides a reasonable description of the effect. Therefore, the basic reaction mechanism can be represented as follows in terms of rate equations (basic kinetic model):
Note that the total number of thiol/thiolate species is defined as [SH] In order to take into account the effect of the catalytic groups already coming from the reagents or hypothetical impurities, as well as the formed hydroxyl groups by reaction, we have defined the initiation and propagation constants, k i and k p , as follows:
The different contributions to the initiation constant come from the presence of hydroxyl groups in the oligomeric structure of DGEBA, [OH] DG , impurities contained in the thiol crosslinking agent that are assumed to be proportional to the initial concentration of thiol groups [SH] 0 , and catalytic species formed in the course of the reaction,
The contribution of the hydroxyl-thioether and the hydroxylammonium cation should be different but, for the sake of simplicity, we have grouped them together. It is quite common to model reaction kinetics using normalized concentrations rather than real concentrations, 34, 42 so that the normalized concentration of a species A can be calculated with respect to the initial concentration of epoxy groups, so that a = [A]/[E] 0 . This makes it possible to define a set of kinetic reactions in terms of the normalized species, but the kinetic constants need to be redefined. 34, 42 The details of such transformations are shown in the Appendix. Complex model. A complex kinetic model has also been defined on the basis of the additional mechanistic considerations in the presence of ion-pairs discussed in the preceding section, wherein the formation of an ion-pair is considered as shown in Scheme 2a. It is hypothesized that this ion-pair would not propagate the reaction (it should have a considerably lower reaction rate than free thiolate ions), so that that reaction shown in Scheme 2b is not included in the model. It is assumed that the termination reaction by an internal rearrangement of the ion-pair as shown in Scheme 2c takes place. For the sake of simplicity, the termination by the bimolecular mechanism shown in Scheme 1d is not taken into consideration. This kinetic model is represented by the following set of reactions:
where IEH + S − is the thiolate-hydroxylammonium complex ionpair. Note that, from the kinetics point of view, the termination reaction should be regarded as a uni-molecular reaction. This reaction mechanism is represented by the following set of rate equations and an equilibrium:
In this set of reactions, we define:
Also, one should consider that: In order to take into account the catalytic effect of the different species on the initiation and propagation rates, the initiation and propagation constants are defined exactly the same way as before. As in the previous model, the reaction kinetics is also analyzed making use of normalized concentrations of the different species (see Appendix).
Model-fitting of experimental data. The conversion of epoxy groups x e can be defined as:
where e is the normalized concentration of epoxy groups (see the Appendix) and can take a value from 1 (no epoxy groups reacted) to 0 (completely reacted). Assuming that the heat evolved by the ring-opening of the epoxy group is similar in both the initiation and propagation, and in order to make comparison with experimental DSC results meaningful, one can calculate x e,DSC from the results of the kinetic model as: where t x,i,exp is the experimental time and t x,i,mod is the time predicted by the kinetic model, for each experiment i, and at certain degrees of conversion x e,DSC . The whole conversion curves are integrated in each iteration step, using a 4 th order
Runge-Kutta method. Approximate starting values for the different constants have been set by trial and error and visual comparison with experimental curves. The built-in GRG non-linear solver in the Excel™ software has been used to fit the parameters.
Results and discussion
Experimental results
Fig . 1 shows the experimental rate curves that were obtained from the isothermal curing at 60°C for all the formulations. If one compares these results with those reported by Jin et al., 16 some relevant differences between commonly used basic catalysts and nucleophilic catalysts can be highlighted. In base- catalyzed thiol-epoxy reactions, the reaction starts immediately after the reagents are mixed and, because of the strong autocatalysis of the reaction, it can become difficult to control. Note that in a recent study by Jin et al. 16 the authors used DBU as the base catalyst in a concentration of just 0.17% with respect to the concentration of thiol groups. In contrast, Fig. 1 shows that the reaction onset is delayed using a nucleophilic initiator such as 1MI, as observed in the studies of Loureiro et al. 15 and our recent study on dual-curable off-stoichiometric thiol-epoxy formulations. 6 This may not be regarded as a truly latent behavior, but nevertheless it suggests it is safer to prepare and control their curing process using nucleophilic initiators rather than basic catalysts, which could be highly useful in terms of processing. This is a similar phenomenon to what has been reported for Michael addition reactions using specific nucleophilic catalysts. 43, 44 A closer examination of Fig. 1 reveals a number of significant features of nucleophile-initiated thiol-epoxy reactions. In the top graph, the effect of the thiol-epoxy ratio r is illustrated. At lower thiol-epoxy ratios, the curve starts earlier because of the increasing concentration of epoxy groups and a subsequent enhancement in the rate of the initiation step, consisting of the nucleophilic addition of 1MI to the epoxy ring. An additional accelerating effect coming from the increasing concentration of the initial catalytic hydroxyl groups present in the formulation (see Table 1 ) is also expected. The formulations with thiol-epoxy ratios lower than 1 also show a strong autoacceleration just before a sharp decrease in the reaction rate that coincides with the exhaustion of the available thiol groups, in agreement with previously reported data. 6 The formulations with a thiol-epoxy ratio higher than one show a slower activation and reaction rate due to the decrease in the concentration of the available epoxy groups and catalytic hydroxyl groups coming from the structure of DG174 (see Table 1 ). In all the formulations with r < 1, at the end of the reaction there remain unreacted epoxy groups, while at r ≥ 1, a complete conversion of epoxy groups is achieved. In the middle graph, the effect of the initiator content is shown for stoichiometric formulations using DG174 as epoxy resin. As expected, there is a clear trend of the decreasing reaction onset and increasing reaction rate with increasing initiator content. However, the effect is not apparently proportional to the initiator content (see Table 1 ). The bottom graph shows the effect of increasing the epoxy equivalent weight of the DGEBA and, with this, the content in catalytic hydroxyl groups coming from the oligomeric structure of DGEBA. The effect is apparently complex. It can be observed that increasing the epoxy equivalent weight leads to an earlier initiation of the reaction in spite of the decreasing concentration of epoxy groups in the formulation, because of the increasing concentration of oligomeric hydroxyl groups (see Table 1 ). The difference between the formulations containing DG187 and DG200 is not very significant, possibly because of this trade-off.
All these observations illustrate the complexity of the nucleophile-initiated thiol-epoxy addition. The basic and complex models, based on mechanistic considerations, are tested and their validity is discussed.
Analysis of the kinetic models
First of all, we analyze the validity of the basic kinetic model inspired by the mechanism proposed by Loureiro et al. 15 The fitted parameters are shown in Table 2 . The experimental data and model predictions are compared in Fig. 2 for the effect of the thiol-epoxy ratio, in Fig. 3 for the effect of the catalyst content and in Fig. 4 for the effect of the epoxy equivalent weight. As can be seen in the figures, the model is capable of reproducing, at least from a qualitative point of view, the expected behaviour in terms of reaction rate and reaction onset: it includes both the effect of the nucleophilic initiation and the exhaustion of thiol groups in formulations with r < 1, and takes into consideration the autocatalytic behaviour of the reaction. The average error is 60.5 seconds, as seen in Table 2 , although individual errors are quite substantial in some cases. The model produces an exceedingly high delay in the predicted reaction of formulations with r < 1 ( Fig. 2 ) and overestimates the effect of the thiol-epoxy ratio r (Fig. 2) on the peak reaction rate. The effect of the catalyst content on the overall reaction time is well predicted, but it overestimates its effect on the peak reaction rate (Fig. 3 ). The kinetic model predicts quite well the effect of the epoxy equivalent weight (Fig. 4 ), but Error (s) 60.5 50.2 Fig. 2 Comparison between the predictions of the basic kinetic model and the experimental data, the effect of the thiol-epoxy ratio, using the parameters in Table 2 . the reaction rates are overestimated in the case of the DG174-1-1 and DG200-1-1 formulations. Although valid as a first approximation, this model does not accurately reproduce the shape of the different curing processes. Therefore, the underlying reaction mechanism must be different from that represented in this kinetic model. In order to improve the quality of the fitting, the complex model, based on other mechanistic considerations, was tested. Fig. 5 shows the effect of the thiol-epoxy ratio, Fig. 6 shows the effect of the initiator content and Fig. 7 shows the effect of the epoxy equivalent weight. The fitted kinetic parameters and the error are shown in Table 2 . The error of the adjustment is lower, only 50.2 seconds, and an inspection of the curves confirms that the quality of the fitting process is much better. Indeed, Fig. 5 shows that the effect of the thiol-epoxy ratio on the reaction rate is little overestimated, differences being most noticeable at the lowest thiol-epoxy ratios, 0.5 and, especially, 0.25. Although the model still predicts a slower initiation in these Fig. 4 Comparison between the predictions of the basic kinetic model and the experimental data, the effect of the DGEBA epoxy equivalent weight, using the parameters in Table 2 . Fig. 3 Comparison between the predictions of the basic kinetic model and the experimental data, the effect of the initiator content, using the parameters in Table 2 . Fig. 5 Comparison between the predictions of the complex kinetic model and the experimental data, the effect of the thiol-epoxy ratio, using the parameters in Table 2 . Fig. 6 Comparison between the predictions of the complex kinetic model and the experimental data, the effect of the initiator content, using the parameters in Table 2 . Fig. 7 Comparison between the predictions of the complex kinetic model and the experimental data, the effect of the DGEBA epoxy equivalent weight, using the parameters in Table 2 .
cases, the adjustment is significantly better. Fig. 6 shows that the effect of the catalyst content is now nicely predicted by the model. The effect of the epoxy equivalent weight is also quite well reproduced, as shown in Fig. 7 , with some discrepancies in the case of the intermediate DG187-1-1 formulation.
An indirect confirmation of these results could be made from a comparison between the rate constants obtained and those found in the literature. Unfortunately, the adjustment procedure in the work of Loureiro et al. 15 makes it difficult to compare their results with ours. Therefore, the only data we can use are from the work of Jin et al. 16 These authors fitted the experimental data to a phenomenological Kamal model,
, and interpreted the parameters in terms of the reaction mechanism. For a stoichiometric formulation using a trifunctional thiol and an epoxy monomer of a low epoxy equivalent weight (180 g mol −1 ), cured at 60°C with 0.17 mol% of DBU, they obtained k 1 = 0.77 × 10 -5 s −1 , k 2 = 0.65 × 10 -3 s −1 , and m = n = 1. The values of the m and n parameters, which were about the same at all temperatures, were in excellent agreement with a base-catalyzed reaction mechanism, with the same assumptions that we made in this work concerning the activation of the epoxy ring by proton donors. Assuming that strong bases such as DBU produce the maximum amount of active species from the very beginning, and that an ion-pair such as the one in this work would not be formed (or present much weaker interactions), their value of k 2 should be equivalent to our value of
·i, for an equivalent thiol-epoxy formulation. The value of i should be the molar concentration of DBU the authors used in their work, 16 0.0017 mol DBU per mol of SH groups. impurities in the reaction medium, often coming from the use of industrial grade products. It should be considered that the results from our analysis are obtained from a numerical fitting of the data to a model with a significant number of parameters, which may involve uncertainties stemming from the numerical method. Added uncertainty comes from the fact that the reaction starts by nucleophilic attack of 1MI to the epoxy ring, which is highly sensitive to catalytic groups and impurities present in the system, and this might conceal the effect of such impurities on the propagation rate. At this point, it is also good to analyze the distribution of the relevant species (other than epoxy and thiol groups) in the course of the reaction, and the contribution of the different rates of initiation, propagation and termination to the overall reaction rate. Fig. 8 shows the situation for the DG174-1-1 formulation. It is noteworthy that, as the reaction starts, the growing concentration of free thiolate anions does not start the reaction immediately. When the propagation rate starts to increase, an increase in the concentration of active species is noted, but this is offset by the formation of the ion-pair, which moderates the amount of free thiolate propagating the reaction. The amount of active species reaches a maximum around the maximum propagation rate because the decreasing concentration of the epoxy groups and initiator I leads to a decreasing initiation rate. At this point, about 75% of the initiator has been converted into IEH + species (free and ion-pair). In consequence, the concentration of the free initiator starts to increase again. A change in the trend is observed once the concentration of the thiol groups falls below a certain threshold, so that the amount of active species is no longer controlled by the total reacted initiator but by the availability of the thiol groups to produce free thiolate anions. At this point, the concentration of the inactive (or rather less active) zwitterion IE*, which was 0 (or nearly) because of the presence of a sufficient amount of thiol groups leading to a fast proton transfer to produce thiolates, starts to increase as well. The absence of the zwitterion IE*, in addition to its low reactivity, justifies the absence of epoxy homopolymerization, so that in the presence of thiol groups only the thiol-epoxy addition takes place. At the end of the process a significant amount of the unreacted initiator I remains, which is in good agreement with the experimental results of Loureiro et al., 15 who showed that, at the end of the thiol-epoxy addition, there was a significant amount of the unreacted initiator in the SEC traces of the reaction product. Throughout the curing process the contribution of the initiation and termination reactions to the reaction rate is very small in comparison with the propagation, due to the small concentration of the initiator and active species available. Fig. 9 shows the same results but for the DG174-1-4 system, with four times more catalyst. The shape of the curves is pretty much the same as in the previous case, but there is a relevant difference in the relative contribution of the free IEH + or thiolate species and the ion-pair. The larger concentration of total active species promotes the formation of the ion-pair, to the detriment of the free thiolate anion propagating the reaction. Thus, it is no surprise that the ion-pair concentration becomes larger than the concentration of free thiolate. When Fig. 8 and 9 are compared, it can be observed that the maximum concentration of thiolate anions is slightly more than double when 4 phr of 1MI are used in comparison with 1 phr of 1MI. Another relevant difference between both figures is that the initiation rate contributes more heavily to the overall reaction rate in the presence of 4 phr of 1MI, which could be expected. At the end of the reaction process, as the thiol groups are exhausted, there is a non-negligible amount of the zwitterion formed.
Finally, Fig. 10 shows the evolution of the different species and rates for the off-stoichiometric DG174-0.5-1 formulation. The model predicts that, due to the exhaustion of thiol groups, the concentration of the free thiolate and ion-pair decreases sharply. However, because there is a significant excess of epoxy groups, this takes place near the peak in the reaction rate, leading to a sharp decrease in the overall reaction rate altogether. At this point, the amount of the zwitterion starts to increase as well. However, because of the presence of the remaining epoxy groups and the high concentration of catalytic hydroxyl groups formed in the course of the reaction, the initiation continues at a fast rate and leads to a depletion of initiator species and the formation of the maximum possible amount of the zwitterion. This zwitterion is the species that would start the propagation of the epoxy homopolymerization, but this species would be more stable and less active than other alkoxide anions, as commented above. According to Heise and Martin, the adduct formation would reach completion before the homopolymerization process starts. 18, 19 According to the model, this species would be ready at the end of the thiol epoxy process, so that the homopolymerization process would eventually start if one waited for long enough or increased the temperature. 6 It should be noted that for the curing of a formulation with excess thiol groups (results not shown), throughout the whole curing process and at the end of it there would not be any traces of this zwitterion species.
In the light of these results, it appears that the hypotheses behind the proposed complex kinetic model, involving the presence of the non-reactive ion-pair in the reaction medium, become quite realistic. The main features of the curing process and the rates and reaction onsets are well reproduced by the model. The effect of the composition on the reaction rate is also accounted for by the model. Indeed, if one compares the values of k i,DG , k i,SH , k p,DG and k p,SH as in Table 2 , and considering the way these constants were defined (see section 3.3), it can be deduced that the effect of catalytic impurities in the thiol monomer (i.e. hydroxyl groups) on the initiation and propagation rate constants is indeed lower than that of the epoxy monomer, but not negligible. The values of k i,cat and k p,cat also indicate that the catalytic effect of the reaction product is significantly stronger, in agreement with the results of Loureiro et al. 15 The model still overestimates the reaction onset in formulations with thiol-epoxy ratios lower than one, but this might be a consequence of both inaccuracies inherent to the reaction mechanism and experimental error caused by the fast initiation of these formulations. In any case, assuming that the distribution of reactive species produced by this model is right, it could be used to analyze the crosslinking process of stoichiometric or off-stoichiometric thiol-epoxy formulations, rather than relying only on ideal step-wise assumptions. 6 In addition, the model could be extended to study the reaction processes of thiol-epoxy systems initiated by other nucleophilic tertiary amines, 15 but
obviously the values of the model constants would be different, especially those connected with the amine structure and reactivity such as the initiation and termination rate constants as well as the ion-pair equilibrium constant.
We acknowledge that the model has some inaccuracies and simplifications that might be addressed in future studies. Whether the termination is a unimolecular rearrangement of the ion-pair or a bimolecular reaction between free thiolate and hydroxylammonium cation species makes no practical difference. We assumed that the propagation by means of the ion-pair species was negligible for the sake of simplicity, but one might consider some reactivity of the ion-pair towards propagation. The initiating mechanism based on the nucleophilic attack of the imidazole to the epoxy ring should be reanalyzed. Nucleophilic addition of amines to epoxy groups can be quite complex, as reported for epoxy-amine systems. [35] [36] [37] [38] 40 The formation of multiple equilibrium complexes complicates significantly the apparently simple autocatalytic epoxy-amine addition. When several equilibrium complexes, some of which are active, are present at the same time, the real amount of active species is reduced and, if this effect is neglected, the reaction rate is overestimated. 40 A similar consequence could be expected for the initiation step between the imidazole and the epoxy ring. The initiation step in epoxy-imidazole systems is highly sensitive to the chemical environment, not only due to the presence of catalytic species 17, 21 but also to the formation of unreactive complexes in the presence of polyethers, 45 like in epoxy-amine systems. 40 Nevertheless, in the absence of more detailed experimental information (i.e. the individual determination of some rate or equilibrium constants), the inclusion of a larger number of fitting parameters would complicate the interpretation of the results. We already tested the effect of the epoxy-hydroxyl complexes, but we found that the complex equilibrium constant was very low (results not shown), so that our simplification of the catalytic effect could be considered as a safe one, in line with the results of Jin et al. 16 and in agreement with the reasoning of Flammersheim, 36 although this might also be a side consequence of the mathematical fitting process. In multiple nonlinear regression modelling of complex processes there could be more than one solution, given that the optimum point might be within a flat hollow rather than a deep valley of the solution space, 37 or else a number of local minima with a similar error could be easily found. In order to refine the proposed model, taking into account the above considerations, more experimental work should be carried out in order to investigate in more depth the effect of the chemical environment on the initiation step and the role of the ion-pair equilibrium complex, as well as the effect of temperature on the different kinetic parameters, so as to produce a more consistent model and a more meaningful set of kinetic parameters.
Conclusions
The thiol-epoxy addition reaction initiated by tertiary amines has been analyzed from theoretical and experimental points of view. DGEBA and S3 have been used as epoxy and thiol compounds, and 1MI has been used as the nucleophilic tertiary amine initiator. The effects of the thiol-epoxy ratio, epoxy equivalent weight and initiator content have been taken into consideration.
The reaction takes place earlier in formulations richer in epoxy monomers because of the initiation by the nucleophilic attack of the tertiary amine to the epoxy group and the contribution of catalytic hydroxyl groups in the epoxy oligomer. The end of the reaction is sharp in formulations with excess of epoxy groups due to the exhaustion of thiol groups and transfer of the thiolate active species to a less active zwitterion species that would propagate the homopolymerization of the excess epoxy groups. Increasing the initiator content does not increase proportionally the propagation and initiation rates. The use of epoxy monomers with higher epoxy equivalent weights leads to faster reactions because of the catalytic effect of the hydroxylic epoxy oligomers, in spite of the reduced concentration of epoxy groups.
A kinetic model based on an approximate reaction mechanism for the thiol-epoxy reaction initiated by tertiary amines has been defined. This model satisfactorily reproduces all the phenomena associated with the curing process of stoichiometric and off-stoichiometric thiol-epoxy mixtures initiated by 1MI, and it is hypothesized it could be extended, with obviously different values of the parameters, to thiol-epoxy systems initiated by other nucleophilic tertiary amines. A complete validation of the model would require, however, the analysis of the effect of different curing temperatures under isothermal and nonisothermal reaction conditions, producing a more consistent and meaningful set of kinetic parameters.
One of the most remarkable features of the model is the assumption of the presence of a less-reactive ion-pair complex in equilibrium with free thiolate and cationic species, making it possible to predict correctly the effect of changing the initiator content and thiol-epoxy ratio on the reaction rate. However, the understanding of the exact role of the ion-pair in the reaction medium in terms of reactivity requires further investigation. The model also attempts, in a simplified way, to describe separately the catalytic effects of hydroxyl groups and other impurities present in the epoxy resin and in the thiol crosslinker, and the hydroxyl groups present in the reaction product. However, it is acknowledged that the model is not accurate enough in that respect. Among other issues, one should consider the formation of different active and nonactive complexes depending on the presence of different catalytic or deactivating species. Proper elucidation of the initiation step, which is crucial for the understanding of the reactivity of these systems, remains therefore a pending task.
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The initial amount of hydroxyl groups coming from DGEBA, oh DG is approximately calculated from the epoxy equivalent weight, eq DG , as:
The initial concentration of all the other species in the basic or complex models is initially equal to 0.
